Introduction {#s1}
============

From our everyday experience we know that the efficiency of monitoring behavior and coping with undesired outcomes of one\'s own actions differs considerably between subjects. Furthermore, subjects differ considerably with respect to how they interpret and appraise such outcomes. Especially the committing and processing of errors plays a crucial role with respect to the adequate adaptation of behavior. A correlate of response monitoring has caught considerable attention during the last two decades. Following erroneous responses in a typical choice reaction experiment a sharp negative deflection at fronto-central electrode position in a simultaneous EEG measurement can be observed: the error negativity (Ne, Falkenstein et al., [@B18]) or error-related negativity (ERN, Gehring et al., [@B19]). This finding supports the idea of a common response monitoring system, which is involved in monitoring and adapting behavior with respect to external or internal events. The sources of the Ne have been located repeatedly in the anterior cingulate cortex (ACC) (Dehaene et al., [@B11]; Debener et al., [@B10]; Hoffmann and Falkenstein, [@B26]), and it is assumed that the Ne is elicited by striatal dopamine projections (Holroyd and Coles, [@B29]).

Indeed, several neurophysiological studies indicate a relation of the Ne to the functioning of the dopamine system, for example studies which investigated schizophrenia (Mathalon et al., [@B36]), attention deficit disorder (Liotti et al., [@B33]), alcohol consumption (Holroyd and Yeung, [@B30]), or aging (Nieuwenhuis et al., [@B40]; Beste et al., [@B2]; Hoffmann and Falkenstein, [@B27]).

Most models about the functional role of the Ne assume that it reflects a detection mechanism of undesirable or unexpected events (Holroyd and Coles, [@B29]; Ridderinkhof et al., [@B45]; Alexander and Brown, [@B1]). The Ne is thought to reflect the degree by which an event (be it external or internal) is worse than expected Holroyd and Coles ([@B29]), or unexpected (Alexander and Brown, [@B1]). A competing hypothesis, the conflict hypothesis suggests that the Ne is the result of a temporal overlap of competing responses. The higher the concordance between all activated possible responses, the higher the conflict and thus the larger is the Ne amplitude (Botvinick et al., [@B4], [@B5]; van Veen et al., [@B55]). However, several more recent results contradict the conflict hypothesis (e.g., Carbonnell and Falkenstein, [@B7]; Masaki et al., [@B35]).

All hypotheses so far assume that the Ne is related to the detection of unexpected or undesirable or conflicting events. Such events need control to be avoided on-line or at least in the future (Hoffmann and Falkenstein, [@B28]). More recent studies suggest the Ne to reflect the activity of a common response monitoring system (Debener et al., [@B10]; Hoffmann and Falkenstein, [@B26]; Roger et al., [@B47]) evaluating state-goal discrepancies permanently and inducing cognitive control. This activity as reflected in the Ne appears to be integrated in pre-frontal cortex (PFC) functions dealing with the maintaining or execution of cognitive control. It is well known that the PFC, and more specifically the ACC, is central to inhibitory control (Braver et al., [@B6]). Also, ACC functioning has top down effects even on sensory processes (Sarter et al., [@B50]; Danielmeier et al., [@B8]). Thus, ACC and PFC appear to be central to the control of internal states (Devinsky et al., [@B14]).

Anyway, people differ considerably not only with respect to performance, but also with respect to how they are concerned with making errors. For example people suffering from obsessive compulsive disorder show an enhanced Ne, and its amplitude is related to the severity of symptoms (Gehring et al., [@B20]). Also, simply being more worried about committing errors is predictive for an enhanced Ne (Hajcak et al., [@B24]). Furthermore, the Ne appears to be related to negative affective experience (Hajcak et al., [@B25]). A reversed pattern can be observed in poorly socialized individuals, here the Ne is reduced (Dikman and Allen, [@B15]).

Taking into account the core structures involved in response monitoring and learning, i.e., dopamine system, amygdala, insula, and PFC (de Bruijn et al., [@B9]; Gentsch et al., [@B21]; Jocham and Ullsperger, [@B31]; Ullsperger et al., [@B54]), reasonable predictions can be made about the expected morphology of the Ne with respect to the way errors are processed and interpreted by the individual (for a recent review see e.g., Hoffmann and Falkenstein, [@B28]). For example, in anxious subjects like obsessive subjects and worriers, negative affect arising from committing an error might activate the ACC more than in normal subjects which is reflected in a larger Ne (Gehring et al., [@B20]; Ernst et al., [@B16]; Segalowitz and Dywan, [@B51]). On the other hand, individuals with reduced amygdala activations might have reduced PFC activation to inhibit responses of the nucleus accumbens, which in turn might lead to a reduced Ne (Ernst et al., [@B16]). Typically, these subjects experience a heightened sensation-seeking tendency. Accordingly, risk-taking is correlated with the Ne amplitude (Santesso and Segalowitz, [@B49]). Also, subjects scoring high on neuroticism show a larger alteration of the Ne if motivation is being manipulated (Pailing and Segalowitz, [@B42]). In sum, it appears that the Ne is strongly affected by emotional aspects of personality. Boksem and his coworkers (Boksem et al., [@B3]) related the Ne to the Behavioral Inhibition System (BIS/BAS) scales, which are based on a biopsychological theory of personality (Gray, [@B22], [@B23]). They found that subjects scoring high on the BIS scale, i.e., who are particularly sensitive to punishment, displayed larger Ne amplitudes. Also, it was already shown that the Ne was increased for subjects scoring high in negative affect and negative emotionality scales, at least at an early time point of the conducted experiment (Luu et al., [@B34]). Finally, Ruchsow et al. ([@B48]) found the Ne to be related to impulsivity: highly impulsive subjects display a reduced Ne. However, Santesso and Segalowitz ([@B49]) found no relation of the Ne to impulsivity and punishment, but rather to empathy and risk raking.

In sum there does not exist very much work on the relation of error processing and personality, and the results are partly contradictory. Thus, the purpose of the study was to test whether the Ne is related to a wider range of personality factors. Therefore, a classic personality inventory, the Freiburg Personality Inventory (FPI-R, Fahrenberg et al., [@B17]), was utilized in order to test relations of the Ne and personality factors which conceptually integrate the "normal" range of personality dimensions which are, if showing extreme expressions, indicators of pathologies typically mediating Ne effects (anxiety, violation of social norms, social orientation). Also, these personality dimensions should incorporate emotional reactivity (e.g., empathy, impulsivity). Therefore, the study focused on the personality traits "Openness", "Social Orientation", "Emotionality", and "Impulsiveness" as measured by the FPI-R. Table [1](#T1){ref-type="table"} provides an overview of how these dimensions are conceptualized.

###### 

**Measured personality dimension of the FPI-R in the present study**.

  **Dimension**        **Description**
  -------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Openness             Oriented to social norms, concerned of making a good impression, unable to be self-critical, closed vs. admitting minor weaknesses and common violations of social norms, unembarrassed
  Social orientation   Self-concerned, uncooperative, little solidarity vs. taking social responsibility, helpful, considerable
  Emotionality         Emotionally stable, self-confident, having life content vs. emotionally labile, hypersensitive
  Impulsiveness        Controlled, calm, composed vs. easy aroused, hypersensitive, uncontrolled

Methods {#s2}
=======

Participants
------------

A student sample of 28 healthy young subjects participated (11 females). Subjects were aged between 19 and 30 years (mean = 22.7, SD = 2.5) and gave written informed consent prior to participation. Subjects received 10, --€/h payment for participation. The study was conducted according to the code of ethics of the World Medical Association (Declaration of Helsinki) and was proofed by the local ethics committee. The data of three participants had to be rejected due to too few errors (*N* = 1) and bad data channels in the EEG (*N* = 2).

General procedure and experimental design
-----------------------------------------

Participants were seated in an ergonomic chair in front of a backprojection beamer display. The distance from display to participants was about 120 cm. The viewing angle was for all target stimuli 1.5°. Stimuli were presented in mild gray on a dark gray background. Subjects were asked to response by a button press of the left or right index finger. The experiment consisted of 720 trials, from which the first 80 trials (training trials) were discarded from further analysis. A short break was provided at 1/3 and 2/3 of the trials. Prior to participation of the EEG experiment all participants filled out the FPI-R and the STAI-T in a separate room. Instructions for the questionnaires were given according to the instruction of the manuals.

For inducing errors a modified global-local task was conducted. During the experiment a combination of two letters (F, H) of different size (small, large) was presented during each trial. The large letters had a viewing angle of 1.5°, and the small ones a viewing angle of 0.5°. The instruction of the participants was to respond to the smaller (local) or larger (global) letter according to a predefined instruction: "attend to the small letter" (local), "attend to the large letter"(global), "ignore the small letter"(global), and "ignore the large letter"(local). This instruction was presented to the subjects as a pre-cue 1000 ms prior to presentation of the target stimulus. Subject had to respond to the to-be-attended letter, or to the not-to-be ignored letter. The attended letter H required a button press of the right index finger, and the letter F a response with the left index finger. This stimulus-response mapping was fully balanced, i.e., half of the participants should respond the other way round.

Following their button press, participants received a feedback according to their performance ("good", "error", "too slow"). An adaptive deadline was utilized (Rinkenauer et al., [@B46]; Hoffmann and Falkenstein, [@B26], [@B27]) in order to minimize speed-accuracy tradeoff. This means that the maximum time during which participants had to respond without receiving the feedback "too slow" was adapted online by estimating the percentage of errors during the last 40 trials. If the error rate was lower than 8% the deadline was decreased by 50 ms; if the error rate was above 12% the deadline was increased by 50 ms. This way the deadline was adapted to the error rate, and not to the mean RT, which prevents reliably from a strong speed-accuracy trade-off.

EEG-recordings and analysis
---------------------------

The EEG was recorded from 60 standard electrode sites using an active electrode system (actiCap©, BrainProducts). EOG was recorded vertically from above and below the right eye (vEOG) and from the outer canthi of both eyes (hEOG). EEG and EOG were digitized at 1000 Hz and the recording was conducted using an average reference amplifier system (QuickAmp©, BrainProducts).

The EEG was analyzed using EEGLAB (Delorme and Makeig, [@B12]) and Matlab©. Initially, data were filtered (0.1--30 Hz) using a phase-shift free IIR Butterworth filter. Subsequently, the data were segmented relative to the button press (--0.5 to 1.0 s) and pruned automatically from artifacts by a statistical thresholding procedure (Delorme et al., [@B13]). Then the EEG was re-referenced to linked mastoids. For removal of ocular artifacts independent component analysis was conducted by applying extended infomax (Lee et al., [@B32]) with default settings as implemented in EEGLAB. Ocular artifacts were removed by applying an objective automatic artifact removal algorithm which combines spatial and temporal features of independent components for artifact detection (Mognon et al., [@B37]).

Following this the automated thresholding protocol was conducted a second time in order to remove residual artifacts. Finally, event-related potentials were calculated for correct and erroneous responses, respectively. The Ne was measured as a difference wave between correct and erroneous response-related activity. From this difference wave the Ne was extracted as a peak-to-peak measure at FCz, i.e., as the difference between the local maximum in the time range from --50 to 0 ms and the local minimum in the time range from 0 to 100 ms. The rationale for this was to yield an estimate of the error-specific variation in the post-response ERP. In the following this difference is termed Ne. This measure was correlated with the personality questionnaire scores.

Additionally, sLORETA estimations of the source of variation between the response-related ERPs of correct and erroneous responses corresponding to the Ne peak were conducted. sLORETA can be used to estimate the sources generating the variance between two experimental conditions. sLORETA is an improved version of LORETA. The main difference is that sources are estimated based on standardized current density allowing a more precise source localization than the previous LORETA-method (Pascual-Marqui, [@B43]; Pascual-Marqui et al., [@B44]). sLORETA was performed with the scalp maps of the Ne and corresponding time window of the correct response to find the generators of these maps. This was done by comparison of the voxel-based sLORETA-images (6239 voxels at a spatial resolution of 5 mm; MNI template) of both response types. Statistical quantification was conducted by using the sLORETA-built-in voxelwise randomization tests (5000 permutations) based on statistical non-parametric mapping (SnPM), corrected for multiple comparisons (Nichols and Holmes, [@B39]). The voxels with significant differences (*p* \< 0.05) were located in specific brain regions.

Behavioral data
---------------

Reaction time data were analyzed by means of repeated measures ANOVAs with the factors accuracy (correct vs. erroneous responses) and cue (global vs. local). Only RTs in the time range from 100 to 1000 ms were included in the analysis. Error rates were analyzed by a *T*-test. Effect sizes are provided by means of partial eta squared (η^2^~*p*~) and Cohen\'s *d*.

Questionaire data and Ne
------------------------

For assessing personality dimensions the Freiburg Personality Inventory was utilized in its revised version (FPI-R, Fahrenberg et al., [@B17]). The FPI-R is a structured objective measure of personality traits. It consists of 128 items which are grouped on 10 primary scales and two secondary scales. The former consist of the dimensions "Life satisfaction", "Social orientation", "Achiement orientation", "Inhibitedness", "Impulsiveness", "Aggressiveness", "Strain", "Somatic complaints", "Health concern", and "Frankness/Openness". The two secondary scales consist of "Extraversion" and "Emotionality," which shall measure Eysencks\'s Extraversion/Introversion and Neuroticism constructs. The FPI-R is one of the most used and best assessed personality inventories in the German language area and yields sufficient reliability (Cronbachs\' alpha between 0.73 and 0.83). All analyses were restricted to personality factors from which it can be assumed that they are conceptually related to cognitive control, which are "Openness", "Social Orientation", "Emotionality", and Impulsiveness". Due to the sample size, which was not sufficient for multiple regression analysis, the sample was divided into high and low scoring subjects by a median split of the questionnaire data. Therefore, "high" and "low" groups did not consist exactly of the same number of subjects (which was due to a slight skewness in the data and the fact that the final sample consisted of 25 subjects). Subsequently, the relation of Ne and personality factors was assessed by means of Welch *T*-Tests that account for different *N* and unequal variances. Reported are always *T*-Values and corrected degrees of freedom. Additionally, effect sizes are provided by means of Cohen\'s *d* in order to ease power estimations.

Results {#s3}
=======

Behavioral data
---------------

Repeated measures ANOVAs revealed a significant effect for the factors cue \[*F*~(1,\ 24)~ = 24.76, *p* = 4.42−05, η^2^~*p*~ = 0.51\] and accuracy \[*F*~(1,\ 24)~ = 27.48, *p* = 2.25*e*−05, η^2^~*p*~ = 0.53\]. However, a significant interaction of cue and accuracy \[*F*~(1,\ 24)~ = 36.23, *p* = 3.25*e*−06, η^2^~*p*~ = 0.6\] revealed that RTs did not differ between the global and local conditions if the responses were erroneous, but they were considerably longer for the local condition of correct responses compared to correct responses in the global conditions (compare Figure [1](#F1){ref-type="fig"}). Error rates were lower for the global compared to the local condition \[4.6 vs. 6%; *t*~(24)\ =\ −2.36~, *p* = 0.013, *d* = 0.47\].

![**Reaction times (RT) as a function of Cue (global = dark gray, local = gray) and response type (errors vs. correct), bars = standard error of the mean**.](fnhum-06-00171-g0001){#F1}

Ne and questionnaire data
-------------------------

There was a clear error negativity observable in the data \[Figure [2](#F2){ref-type="fig"}; *t*~(24)~ = 8.81, *p* = 2.76*e*−09, *d* = 1.32\]. sLORETA localized the Ne complex in the ACC \[Tal~(*x*,*y*,*z*)~ = Tal~(*x*,*y*,*z*)~ = −10, 35, 25, *t* \< −4.3, *p* = 0.01\]. In this task, the Ne amplitude was negatively correlated with the error rate \[*r* = −0.53, *t*~(23)~ = −2.99, *p* = 0.006\].

![**Response-related potentials for correct and erroneous responses (response: time point zero) as well as corresponding topographies at the time point of maximum deflection in the Ne.** Lower panel: sLORETA estimate of the Ne (Tal~(*x*,*y*,*z*)~ = −10, 35, 25). The sLORETA estimations of all participants\' topographies were projected on an averaged normalized brain (MNI template).](fnhum-06-00171-g0002){#F2}

The Ne was larger for subjects scoring high vs. low on the "Social Orientation" scale \[*t*~(21.71)~ = 2.29, *p* = 0.01, *d* = 0.91\] and smaller for subjects scoring high vs. low on the scales "Openness" \[*t*~(18.6)~ = 3.01, *p* = 0.003, *d* = 1.22\], "Impulsiveness" \[*t*~(17.889)~ = 2.19, *p* = 0.02, *d* = 0.88\] and "Emotionality" \[*t*~(17.75)~ = 1.92, *p* = 0.03, *d* = 0.78\]. Figure [3](#F3){ref-type="fig"} summarizes these results.

![**Average absolute values of the error-correct difference for four personality dimensions according to the FPI-R (bars = standard errors of the mean).** The Ne was more pronounced for subjection scoring low on the "Openness" scale, the "Impulsiveness" scale and the "Emotionality" scale. Inversely, the Ne was less pronounced for subjects scoring low on the "Social Orientation" scale.](fnhum-06-00171-g0003){#F3}

However, since the error rate was correlated significantly with the Ne, and the error rate itself might well be correlated with personality traits further analyses were necessary. Therefore, partial correlations between Ne and personality dimensions, controlled for error rates, were calculated. This was done by calculating a linear regression between Ne and error rate (Ne = b\*error rate) and correlating the residuals of this linear fit with the personality scores. Again, the Ne was less pronounced for subjects scoring high on the scales "Openness" \[*t*~(18.1)~ = 1.833, *p* = 0.04, *d* = 0.74\], "Impulsiveness" \[*t*~(19.028)~ = 2.304, *p* = 0.01, *d* = 0.93\], and "Emotionality" \[*t*~(17.97)~ = 1.89, *p* = 0.037, *d* = 0.77\]. However, the relation of Ned and "Social Orientation" did only show a trend toward significance \[*t*~(21.57)~ = 1.34, *p* = 0.096, *d* = 0.53\].

Summary and discussion
======================

The core result of the present study is that the Ne was clearly related to personality traits closely associated with social and emotional dimensions as well as behavioral flexibility. As such the Ne was correlated with the factors "Openness", "Impulsiveness", "Emotionality", and "Social Orientation". After cancelling out the variance due to error rate, the first three dimensions still correlated with the Ne. The large effect sizes (Cohen\'s *d* \> 0.7 on average) indicate a strong relation, which cannot be due to spurious correlations.

This is, at least to our knowledge, the first time that such strong relations are shown. Although a moderate relation of the Ne and personality factors has already been shown (e.g., Pailing and Segalowitz, [@B42]; Santesso and Segalowitz, [@B49]), this pattern is a bit heterogeneous. This might be due to different tasks, measurement systems and more importantly, different personality constructs. For example the study of Pailing and Segalowitz ([@B42]) utilized the NEO-PI-R that measures five more global personality dimensions (with comparable reliability like the FPI-R), whereas the FPI-R measures 12 dimensions. Also, the number of participants (*N* = 18) was relatively low for regression analyses. Though the present study tested at least 25 subjects this number is still not sufficient for an adequate multivariate testing, i.e., multiple regression analyses. Therefore, we focused on "dimensions of interest" in one specific test that has been tested extensively in the German area. For more general analyses with higher statistical power more participants are necessary (Tabachnick and Fidell, [@B53]). Also, it has to be kept in mind that personality tests are sensitive to cultural influences. Furthermore, personality questionnaires do not have the same reliability as performance measures. This difference in the measurement error might lead to false insignificant correlations: if one of two samples is less reliable than the other one, the correlation of both might be underestimated. From the Ne it is known that it is quite reliable across measurements and within subjects and thus it can be interpreted as a trait-like correlate of ACC integrity (Segalowitz et al., [@B52]; Weinberg and Hajcak, [@B57]). Moreover, the reported Ne reliability was between 0.56 and 0.67, which is compared to modern psychological tests relatively low. For example the reliability of the test utilized in the study reported here lies between 0.73 and 0.81 (according to the test manual). These coefficients are typical for good scales in this research area. Also, it has to be kept in mind that in contrast to psychometric tests the measurement of the Ne is not standardized, nor exist norm values. Furthermore, the acquisition and analysis protocol differs from laboratory to laboratory. Thus, in the case of the Ne it is not clear where the measurement error comes from: is the Ne itself less reliable or is this reliability due to a measurement error? This question cannot be answered from concepts of classical test theory (like reliability). In sum this might be one reason why there exist only few studies reporting relations of the Ne and personality factors. Nevertheless, it can be expected that the Ne, as a correlate of response monitoring *per se*, should be correlated with personality factors which incorporate the evaluation of one\'s own behavior.

What is surprising in the present study is the relation between the Ne and several personality dimensions. However, this becomes clearer if having a look at the inter-correlation of the personality factors: of course they are, at least to some degree, conceptually related to each other. Thus, with respect to the relation of the measured personality dimensions these results are not so unexpected. Subjects scoring low in the "Openness", "Impulsivity", and "Emotionality" scale showed a larger Ne, which is in line with results from clinical samples and previous studies dealing with the relation of personality and error monitoring.

For recapitulation: "Openness/frankness" refers to a personality ranging from oriented toward social norms (following norms, introverted, making a good impression) to admitting violations of social norms or being unconventional. In the present study, subjects that tended to admit social norms or to be unconventional showed decreased error negativities compared to subjects who reported of being oriented toward social norms. According to the authors of the FPI-R, high scoring subjects just don\'t care very much about conventions (Fahrenberg et al., [@B17], p. 77). The analogy to the results from studies dealing with psychopathy lies at hand: in subjects with a psychopathy diagnosis, the Ne is reduced (Munro et al., [@B38]; von Borries et al., [@B56]). Typically, psychopaths show a lack of interest in social norms.

With respect to the trait "Impulsiveness," which ranges from calm, self-controlled to aggressive and spontaneous the results indicate that subjects that reported being self-controlled showed enhanced error negativities, which appears also to be predictable: maybe these subjects are able to gain more "self-control," which is reflected in their capability of monitoring errors.

With respect to "Emotionality," which ranges from emotionally stable, controlled to being a bit anxiously and being more pessimistic the results indicate that subjects which reported of being more emotionally stable showed increased Ne amplitudes. This appears to be not in line with studies showing enhanced Ne amplitudes for subjects suffering from anxiety disorders or depression (Olvet and Hajcak, [@B41]; Weinberg et al., [@B58]). However, in sum it may be that low scoring subjects (in all three scales) do not engage to a comparable degree like high scoring subjects in the task. Here further research is necessary, for example with studies experimentally varying task engagement. Also, it has to be kept in mind, that the personality traits have to be distinguished from pathologies and thus only cautious conclusion might be made.

The final scale, "social orientation" ranges from being self-concerned, being uncooperative to feeling social responsible and being helpful. Here the data pattern is inversed to the one that could be observed in the other scales: subjects that scored low, i.e., who reported being more helpful than being self-concerned showed enhanced error negativities. If this scale is interpreted as a scale that might capture a concept like empathy, this data pattern reminds of the results of Santesso and Segalowitz ([@B49]). They showed that the Ne was enhanced in subjects scoring high on an empathy scale.

In a nutshell, it could be concluded that since the personality variables measured herein are trait measures, the found effects might reflect the degree to which individuals are concerned with the outcome of their behaviors. Thus, the Ne might also reflect trait-like emotional reactivity.
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